HAA ͉ indoleamine 2,3-dioxygenase ͉ NF-B ͉ tryptophan
3-Hydroxyanthranilic acid (HAA), a compound generated during tryptophan metabolism initiated by indoleamine 2,3-dioxygenase, is known to induce T cell death, but its molecular target is not known. Here we report that HAA inhibits NF-B activation upon T cell antigen receptor engagement by specifically targeting PDK1. Inhibition of NF-B by HAA leads to dysfunction and cell death of activated Th2 cells, which in turn suppresses experimental asthma.
Inhibition of NF-B and induction of apoptosis is specific to CD4 T cells because HAA does not inhibit NF-B activation or induce cell death upon Toll-like receptor 4 stimulation in dendritic cells. Thus, HAA is a natural inhibitor that restrains T cell expansion and activation.
HAA ͉ indoleamine 2,3-dioxygenase ͉ NF-B ͉ tryptophan I ndoleamine 2,3-dioxygenase (IDO), the rate-limiting enzyme in tryptophan (trp) catabolism, is induced in various tissues mainly by IFN-␥ (1, 2). IDO converts trp into N-formylkynurenine, which is further catabolized to kynurenine, 3-hydroxykynurenine, 3-hydroxyanthranilic acid (HAA), and the terminal metabolites quinolinic acid (QA) and picolinic acid (3) [supporting information (SI) Fig. 6 ]. The immunomodulatory function of IDO was first identified in the placenta, where it inhibits the rejection of fetal allografts (2, 4) . Subsequent studies documented that IDO inhibits T cell proliferation in vitro (4, 5) , promotes the survival of allografts (6) (7) (8) , and ameliorates both experimental autoimmune encephalomyelitis (9) and trinitrobenzenesulfonic acid-induced colitis (10) .
Previous reports demonstrated that the depletion of trp by IDO in the intracellular pool or microenvironment mediated an antimicrobial activity (11) . Similar logic was applied to explain the immunomodulatory effects induced by IDO (4, 5, 12, 13) . In contrast to these earlier reports, recent evidence has suggested that the intermediates of trp metabolism mediate the diverse immunomodulatory effects on T cells and monocyte-derived cells (14) (15) (16) (17) (18) . HAA was shown to cause apoptosis in Th1 cells by caspase-8 activation (15) , but its primary molecular target is yet unknown.
Experimental asthma is characterized by airway hyperresponsiveness (AHR) and lung inflammation provoked by allergenspecific Th2 lymphocytes. We recently showed that the induction of IDO by certain Toll-like receptor ligands suppresses experimental asthma by the induction of Th2 lymphocytes apoptosis (19) . In this study, we explored the potential role of HAA, a trp metabolite, in the inhibition of experimental asthma, and we investigated the molecular pathway by which HAA regulates T cell functionality and survival. Our data demonstrate that HAA suppresses T cell antigen receptor (TCR)-triggered NF-B activation by directly inhibiting PDK1 phosphorylation.
Results

HAA Inhibits NF-B Activation upon TCR Engagement.
To elucidate how HAA inhibits CD4 T cell activity, TCR signal-transduction pathways were analyzed after costimulation with anti-CD3/ CD28 mAbs. HAA specifically inhibited the activation of NF-B, but not JNK, ERK, or NFAT in ovalbumin (OVA)-specific in vitro differentiated tgTh2 cells (derived from DO11.10) (Fig.  1A) . This observation was reproduced in Jurkat cells (a human CD4 T cell line) (Fig. 1B) . However, HAA did not affect LPS-induced NF-B activation in RAW264.7 cells and in bone marrow-derived dendritic cells (BMDC) or cytokine production (IL-6 and IL-12) in BMDC (SI Fig. 7 A and B) .
The detailed mechanism of HAA-mediated inhibition of NF-B activation was further investigated in Jurkat cells. HAA inhibited TCR-induced IB kinase (IKK) activity, resulting in an impaired degradation of IB␣ (Fig. 1C) . To evaluate whether IKK is the direct target of HAA, IKK immunoprecipitates from unstimulated Jurkat cells were incubated with different concentrations of HAA or a known IKK inhibitor, BMS-345541 (BMS) (20) ; IKK activity was measured by an in vitro kinase assay. Although BMS inhibited IKK activity as expected, HAA did not (Fig. 1D ), indicating that IKK is not a direct target of HAA. The signaling molecules upstream to IKK in the TCR activation pathways were then examined. As presented in Fig. 1E , HAA did not inhibit the activation of PLC␥1, an upstream molecule of NFAT and ERK, or PKC, an upstream molecule of NF-B (see also TCR signaling pathways in SI Fig. 8 ).
Because overexpression of certain upstream signaling molecules of NF-B induces its activation (21), we used an NF-B reporter assay in HEK-293 cells to identify the molecular target of HAA inhibition in TCR signaling pathways. NF-B activation induced by PKC A/E (22), Carma1, or Bcl10 overexpression was not affected by HAA (SI Figs. 8 and 9 ). cause PDK1 is an essential mediator of CD28-induced NF-B activation (23), we next tested whether PDK1 activity is affected by HAA. PDK1 is activated constitutively in Jurkat cells (25) (Fig. 2B) , and HAA suppressed its phosphorylation at the Ser-241 site (Fig. 2B) , which is essential for PDK1 activity (26) . This inhibition was reproduced in tgTh2 cells (Fig. 2C) . Because PDK1 autophosphorylates this site (27) (28) (29) , we hypothesized that HAA either inhibits PDK1 directly or activates a phosphatase that dephosphorylates PDK1. To test the former possibility, we performed a PDK1 in vitro kinase assay. Recombinant PDK1 was incubated with different doses of HAA, and autophosphorylation of PDK1 was measured. HAA inhibited autophosphorylation of PDK1 at the Ser-241 site in a dose-dependent manner (Fig. 2D) . To gain further insight into the structural basis of this inhibition of PDK1 phosphorylation by HAA, we used the flexible ligand-docking module of ICM molecular software (30) . The predicted mode of interaction suggested that HAA binds in the ATP-binding site and makes direct hydrogen bonds with the backbone atoms of the hinge region (Ser-160 and Ala-162), as well as an additional hydrogen bond with the side-chain oxygen of Thr-222 (Fig. 2E) . Taken together these data indicate that HAA inhibits NF-B activation upon TCR engagement by inhibiting PDK1 phosphorylation (see also TCR signaling pathways in SI Fig. 8 ).
HAA Inhibits T Cell Activation and Induces T Cell Death at Different
Concentrations. Activation of NF-B regulates lymphocyte activation and survival. In a dose-dependent manner, HAA inhibited tgTh1 cytokine secretion (Fig. 3A) and provoked tgTh1 cell death (Fig. 3B) . Similarly, HAA inhibited cytokine secretion (Fig. 3C ) and proliferation ( Fig. 3D ) of tgTh2 cells and enhanced tgTh2 cell apoptosis (Fig. 3E) . However, at a lower concentration (50 M), HAA inhibited tgTh2 functionality without inducing T cell death ( Fig. 3 C and D vs. E). Elevated caspase activities (CaspaTag) determined by FACS suggested that HAA provokes apoptosis of these cells (data not shown). Quinolinic acid (QA) (see SI Fig. 6 ), another trp metabolite that did not inhibit TCR-mediated NF-B activation (data not shown), did not inhibit cytokine secretion or induce cell death in tgTh1 and tgTh2 cells (Fig. 3) . HAA also induced cell death in Jurkat cells (data not shown).
However, consistent with the observation that HAA did not affect LPS-induced NF-B activation (SI Fig. 7A ), induction of cytokines (SI Fig. 7B ), or induction of costimulatory molecules (SI Fig. 7 C and D) , it also did not provoke cell death in LPS-stimulated BMDC (SI Fig. 7E ). An inhibitor of IKK␤ (BMS) inhibited TCR-mediated NF-B activation and induced cell death in tgTh2 cells (SI Fig. 10 A-C) . Furthermore, a PDK1 inhibitor, KP372-1, also produced a similar result (SI Fig. 10 D  and E) . Collectively, these data support that HAA targets PDK1 and consequently inhibits NF-B activation. The inhibition of this pathway of T cell activation is most likely responsible for the suppression of T cell functions at lower HAA concentrations and the induction of T cell death at higher HAA concentrations.
HAA Inhibits Th2-Induced Experimental Asthma. We next explored whether HAA-induced apoptosis can inhibit Th2-cell mediated inflammation in vivo by using a model of experimental asthma. OVA/alum-primed BALB/c mice were challenged with OVA and then treated with or without 100 g of intratracheal HAA. HAA treatment suppressed AHR (measurement of % Penh) (Fig. 4A ) and airway resistance (data not shown), compared with PBS (control) or QA treatment. Lower eosinophil counts were observed in the bronchoalveolar lavage fluid (BALF) of HAAtreated mice (Fig. 4B) . The administration of HAA also reduced the levels of Th2 cytokines in the BALF (IL-5 and IL-13) (Fig.  4B) . Histological examination revealed a lack of peribronchial and perivascular mononuclear cell infiltration and intact epithelial structure in the lungs of HAA-treated mice (Fig. 4D) , compared with PBS-treated mice (Fig. 4C) . In concentrations as low as 25 g per animal, HAA significantly inhibited asthmatic parameters (Fig. 4E) .
HAA Inhibits Th2 Cell Function and Induces Th2 Cell Death in Vivo.
To confirm that the antiasthmatic effects of HAA are due to inactivation and/or induction of apoptosis in activated Th2 cells, we adoptively transferred in vitro-differentiated, OVA-specific tgTh2 cells into SCID mice. OVA-challenged recipients treated with HAA showed reduced levels of eosinophil and lower levels of Th2 cytokines in the BALF (Fig. 5A) . The number of viable tgTh2 cells in the lungs of HAA-treated, OVA-challenged mice was significantly reduced (Fig. 5B) , whereas the percentage of cell death of tgTh2 cells in HAA-treated, OVA-challenged mice was significantly increased, compared with those of PBS-treated, OVA-challenged animals (Fig. 5C ). These results suggest that HAA suppresses experimental asthma by inhibiting Th2 cell function and inducing Th2 cell death.
Discussion
Although HAA is known to inhibit CD4 T cell functions, its molecular target has remained largely unknown. As presented earlier, HAA specifically inhibited TCR-induced NF-B activation ( Fig. 1 A and B) . Although HAA inhibited IKK activity, the IKK complex was not directly affected by HAA (Fig. 1C) . Strong activation of NF-B by TCR signaling requires the triggering of both CD3 and CD28 (24) , whereas stimulation of CD28 alone induces weak activation, prompting our investigation of transducers downstream to CD28. PDK1 is a key mediator of CD28-induced activation of NF-B (SI Fig. 8) . Phosphatidyli- nositides serve as second messengers recruiting downstream effectors containing pleckstrin homology domains, such as PDK1 and PKB/Akt, to the plasma membranes (23), whereby PKB/Akt is then fully activated by PDK1 (31) . HAA inhibited the phosphorylation of PDK1 at Ser-241, a site essential for PDK1 ( Fig. 2 B and C) autophosphorylation (29, 32) . Exploration of the mode of interaction between HAA and PDK1 by using computer modeling predicted the most plausible docking site for HAA on PDK1 to be around Ser-160 to Thr-222, and it suggested that HAA is likely to bind to PDK1 in that particular conformation, resulting in the inhibition of PDK1 autophosphorylation/activation.
In antigen-stimulated lymphocytes, NF-B induces the expression of multiple genes necessary for survival, proliferation, and effector functions (33) . We therefore evaluated the physiological implications of HAA inhibition of PDK1 phosphorylation and NF-B activation upon CD3/CD28 stimulation. Under these conditions, blockade of NF-B activation by HAA inhibits T cell functions at lower HAA concentrations and induces T cell death at higher HAA concentrations (Fig. 3) . Other inhibitors of NF-B activation, BMS and KP372-1 (by the inhibition of PDK1), also induced T cell death (SI Fig. 10) . However, the inhibition of PDK1 activation can affect T cell survival independently of Akt phosphorylation. PDK1 deletion prevents the expression of key nutrient receptors in T cells, in particular CD71 (the transferrin receptor) and CD98 (a subunit of L-amino acid transporters) (34) . The loss of nutrient receptors can compromise T cell proliferative response, upon TCR ligation, and consequently promotes T cell death. In marked contrast to its effects on T cells, HAA, at any concentration tested, did not affect BMDC survival or maturation upon LPS stimulation (SI Fig. 7) .
Our investigation into whether HAA can suppress experimental asthma, a Th2 cell-mediated disease, revealed that the administration of HAA inhibited AHR, airway resistance, and allergic lung inflammation (Fig. 4) . Although HAA inhibited Th2 cell function (Fig. 5A) , induction of apoptosis by this compound was modest (Fig. 5C) . In in vitro studies, HAA inhibited cytokine production and T cell proliferation at a lower concentration than that required to induce T cell death (Fig. 3  C-E) . Thus, these in vivo data suggest that inhibition of Th2 cell activation also plays a role in suppressing this Th2-mediated lung inflammation.
Previous reports have demonstrated an inhibition of Th1-mediated responses by trp metabolites. A derivative of HAA, N- (3,4,-dimethoxycinnamoyl) anthranilic acid, was shown to inhibit Th1-mediated experimental autoimmune encephalomyelitis. Another study showed that inhibition of IDO aggravated Th1-mediated colitis (9, 10) , and an in vitro study demonstrated a Th1 susceptibility to HAA (15) . We demonstrated here that HAA inhibits CD4 cells (Th1, Th2, and Jurkat) regardless of their Th phenotype. Therefore, the potential immunomodulatory properties of HAA can be applied to the inhibition of Th1-, Th2-, and Th17-mediated inflammation. 
Materials and Methods
Animals. WT BALB/c, transgenic (tg) DO11.10 mice (BALB/c) and SCID mice (BALB/c) were purchased from The Jackson Laboratory (Bar Harbor, ME) or Harlan (Indianapolis, IN). All animal procedures were performed following University of California at San Diego Animal Care guidelines.
Reagents. OVA, 3-HAA, QA, and KP372-1 were purchased from Sigma-Aldrich (St Louis, MO). Endotoxin levels in the reagents were measured by using the QCL1000 kit purchased from BioWhittaker (Walkerville, MD). Only reagents that contained Ͻ1 pg of endotoxin per 1 g of reagent were used throughout the experiments. The IKK inhibitor, BMS [N1- (1,8- 
, was prepared in seven steps according to the procedure described in the PCT patent application (WO 02/060386 A2), beginning with commercially available starting materials, 3-fluoro-4-nitrotoluene and ethyl 4-methyl-5-imidazole carboxylate. The compound was isolated and used as the HCl salt form.
Cell Culture and Abs. Complete media (RPMI medium1640; Irvine Scientific, Irvine, CA) supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin were used throughout the experiments. Jurkat cells were cultured in complete medium. HEK-293 cells were cultured in DMEM supplemented with 10% FCS and 2 mM L-glutamine. In vitro-differentiated tgTh1 or tgTh2 cells (10 6 ) (19) were incubated with or without plate-bound anti-CD3 mAb (BD PharMingen, San Diego, CA) and 1 mg/ml soluble anti-CD28 mAb (BD Pharmingen) in complete medium in the presence or absence of HAA or other compounds.
We used the following Abs: anti-pERK, anti-NFAT1c, antipPKC, anti-pPLC␥1, anti-PDK1, and anti-pPDK1 (Cell Signaling Technology, Danvers, MA); anti-IKK, anti-IBa, anti-IB, and anti-ERK (Santa Cruz Biotechnology, Santa Cruz, CA); and anti-␤-actin (Sigma-Aldrich).
In Vitro Kinase Assays and EMSA. Kinase assays and EMSA were performed as described (35) . Brief ly, for in vitro kinase assays, immunoprecipitated JNK1 or IKK were incubated with their respective recombinant substrate, GST-cJun or GST-IB␣, and [␥-32 P]ATP for 30 min. The reaction mixture was subjected to SDS/PAGE, followed by autoradiography. Translocation of activated NF-B into the nucleus was measured by EMSA by using consensus NF-B oligonucleotides (Santa Cruz Biotechnology) labeled with [␥-32 P]ATP. Activation of ERK, PLC-␥, PKC, and PDK1 was measured by Western blotting with respective anti-phospho Abs.
In Vitro PDK1 Kinase Assay. For the in vitro PDK1 kinase assay, 60 ng of recombinant PDK1 (Upstate Biotechnology, Lake Placid, NY) was incubated with different concentrations of HAA without substrate for 30 min in kinase buffer (35) , followed by 30 min incubation at 25°C after the addition of [␥-32 P]ATP. The reaction was then subjected to SDS/PAGE, followed by autoradiography. To verify the autophosphorylation site, the same sample was probed with anti-p-PDK1 (Ser-241) Ab (Cell Signaling Technology). , and 500 ng of Bcl10 (obtained from M. Thorme); 100 M HAA was added 2 h after transfection. Twelve hours after transfection, cells were lysed, and luciferase activity was measured by using a luciferase assay kit (BD Biosciences). ␤-gal activity was measured to normalize the NF-B activity by using the ␤-gal kit (Promega, Madison, WI).
NF-B Reporter
Prediction of Molecular Interaction Between HAA and PDK1. The soft flexible docking unit of the ICM software (30) was used to simulate docking of HAA into the active sites of the available PDK1 structures. Among several plausible ligand poses/ conformations, the one having the lowest ICM score was chosen. A low ICM score indicated that the ligand was likely to bind to PDK1 in this conformation.
Effects of HAA and Other Inhibitors on Cell Proliferation and Apoptosis. In vitro-differentiated tgTh1 or tgTh2 cells (10 6 ) were incubated for 48 h with plate-bound anti-CD3 mAb (BD Pharmingen) and 1 mg/ml soluble anti-CD28 mAb (BD Pharmingen) in the presence or absence of HAA, QA, or KP372-1 at the indicated concentrations. TgTh cells were stained for CD4 (BD Pharmingen) and DO11.10 TCR (Caltag, Burlingame, CA). Dead cells were stained with 7-AAD (BD Pharmingen) according to the manufacturer's instructions. Apoptotic cells were detected by a CaspaTag assay kit (Chemicon, Temecula, CA). BMDC were prepared from BALB/c as described (36) . BMDC were treated with HAA in complete media up to 48 h with or without LPS stimulation. BMDC were stained for CD11c, CD80, CD86, and CD40. The stained cells were analyzed by using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA). The levels of the various cytokines in the supernatants were determined by ELISA (BD Pharmingen).
For proliferation assay, 2 ϫ 10 4 tgTh2 cells were preincubated with HAA, QA, or BMS for 30 min and then stimulated with anti-CD3/CD28 mAbs for 48 h in 96-well plates. Then 1 Ci of [ 3 H]thymidine was added for another 24 h, and cell proliferation was assessed by measuring [ 3 H]thymidine incorporation.
Induction of Experimental Asthma. Induction of experimental asthma was performed as described (19) . Briefly, mice were sensitized with 20 g of OVA in 500 g of alum by s.c. injection on days 0 and 7 and challenged intranasally (i.n.) with 20 g of OVA on days 16 and 21. Four hours before the OVA challenge, mice received trp metabolites intratracheally as indicated. Twenty hours after the last challenge, airway responsiveness and airway resistance to methacholine were measured (19) , followed by collection of BALF and harvesting of the lungs. The total number and the differential cell count in BALF were determined as described (19) . The levels of IL-5 and IL-13 in the BALF were determined by ELISA (BD Pharmingen).
Adoptive Transfer. The adoptive transfer of 5 ϫ 10 6 tgTh2 cells into SCID mice was performed as described (19) , followed by i.n. sensitization with 50 g of OVA daily for 4 days. Then 100 g of HAA or PBS was given i.n. before each challenge. On day 5, mice were killed, and the BALF was collected to determine cytokine levels (ELISA). BALF cells were Wright-Geimsa stained (37) . Single cell suspensions of lungs were prepared by collagenase digestion as described (38) . Lung cells were stained for CD4 (BD Pharmingen), DO11.10 TCR (Caltag), and 7-AAD (BD Pharmingen) and analyzed by using a FACSCalibur flow cytometer (Becton Dickinson). The total cell number was calculated by multiplying the total number of live cells by the percentage of CD4 ϩ /DO11.10 ϩ cells.
Statistical Analysis. Data are expressed as mean Ϯ SEM. Data are compared by Student's t test. P values of Ͻ0.05 were considered significant.
